We use confocal microscopy to study the motions of particles in concentrated colloidal systems. Near the glass transition, diffusive motion is inhibited, as particles spend time trapped in transient "cages" formed by neighboring particles. We measure the cage sizes and lifetimes, which respectively shrink and grow as the glass transition approaches. Cage rearrangements are more prevalent in regions with lower local concentrations and higher disorder. Neighboring rearranging particles typically move in parallel directions, although a nontrivial fraction move in anti-parallel directions.
Many liquids undergo a glass transition when rapidly cooled, where their viscosity grows by orders of magnitude for only modest decreases in temperature. This drastic increase in viscosity is unaccompanied by significant structural changes; instead, the dynamics slow dramatically [1] . Physically, this slowing of the dynamics reflects the confinement of any given particle by a "cage" formed by its neighbors; it is the breakup or rearrangement of the cage which leads to the final structural relaxation, allowing the particle to diffuse through the sample. The dynamics of the cages have been studied with scattering measurements, which probe a spatial and temporal average of their behavior; however, the actual motion of the individual particles involved in cage dynamics and breakup are still very poorly understood [1] [2] [3] [4] [5] [6] [7] .
In this paper, we study the motion of the individual particles and their neighbors during cage breakup, and provide the first direct visualization and detailed analysis of this process.
We use confocal microscopy to study the motion of colloidal particles in a dense suspension, an excellent model for the glass transition [8] [9] [10] [11] . We directly probe the nature of the motion during cage rearrangement, finding that the majority of neighboring particles move in the same direction, while a significant minority move in opposite directions, resulting in local changes in topology. We also measure the local environment to search for the physical origins of the motion leading to cage rearrangement, finding that more mobile particles are located in regions with a lower local volume fraction, and higher disorder. These measurements provide a direct, quantitative physical picture of the nature of these rearrangements.
We use sterically stabilized poly-(methylmethacrylate) particles with a radius a = 1.18 µm [3, 12, 13] , immersed in a mixture of decalin and cycloheptylbromide, a solvent that simultaneously matches the particle index of refraction and density; this mitigates the effects of scattering and sedimentation. Hard sphere particles undergo a freezing transition at a volume fraction φ f = 0.494, a melting transition at φ m = 0.545, and have a glass transition at φ g ≈ 0.58 [8, 11] . To visualize the particles, we stain them with fluorescent rhodamine dye; this imparts a slight charge to the particles, shifting the phase transition boundaries to φ f ≈ 0.38, φ m ≈ 0.42, and φ g ≈ 0.58. We image a volume 60 µm × 60 µm × 10 µm, containing several thousand particles, and identify particle centers with an accuracy of at least 0.05 µm [12, 14] . A typical particle trajectory is shown in the inset of Fig. 1 ; it exhibits caged motion, with a sudden cage rearrangement which lasts ∼600 s.
The nature of the caging is evident from the particle mean square displacement, ∆x 2 , shown in Fig. 2(a) for two supercooled colloidal fluids (φ < φ g ). At the earliest time scales, the particle motion is diffusive, since their displacement is so small that they have not yet encountered the cage formed by their neighbors. As their displacement becomes larger, their motion is impeded by the cage, leading to the plateau in ∆x 2 . The displacement at the plateau decreases as φ increases, reflecting the smaller cage size. Moreover, the cages become more long-lived with increasing φ; this presumably results from the fact that cage rearrangements involve a larger number of particles as the glass transition is approached [2] [3] [4] [5] .
The cage rearrangement itself leads to the increase in ∆x 2 at the end of the plateau; at even longer lag times, the asymptotic motion again becomes diffusive, albeit with a greatly decreased diffusion coefficient, D ∞ , as indicated by the dashed lines in Fig. 2 .
We estimate the time scale for cage rearrangement, ∆t * , by finding the maximum of the nongaussian parameter α 2 (∆t) = ∆x 4 /(3 ∆x 2 ) − 1; α 2 is computed from the 1D displacement distribution function P (∆x; ∆t) [3] [4] [5] 15] , and is zero for a gaussian distribution and largest when there are broad tails in the distribution. Insight into the nature of these rearrangement motions is obtained in Fig. 1 shows a cut through the sample. The rearrangement of cages involves the cooperative motion of several neighboring particles moving in similar directions, as indicated by arrows attached to particles with the largest displacements [2] [3] [4] [5] .
To quantify the nature of this behavior it is useful to consider the dependence on particle step size ∆r/r at ∆t * , wherer ≡ ∆r 2 1/2 . We plot the radial step size distribution, P (∆r/r) in Fig. 3 (a). There are more large displacements than expected for a gaussian distribution, shown by the dashed line; moreover, as φ g is approached, the tails become even broader, as shown by the circles for φ = 0.56. This reflects the anomalously large motion of the particles undergoing cage rearrangements.
The increase in the mean square displacement at lag times greater than ∆t * is due to an increased motion of at least some of the particles. To confirm that this motion directly reflects structural relaxation, we calculate a topological cage correlation function, C cage (∆t) [6] . We define particles as nearest neighbors if their separation is less than a cutoff distance set by the first minimum of the pair correlation function g(r); C cage (∆t) is the fraction of particles with the same neighbors at time t and time t + ∆t, averaged over all t. As shown in Fig. 2(b) , for the lowest volume fraction, φ = 0.46 (triangles), the particles are barely caged. As φ increases toward φ g , the decay slows dramatically; moreover, a pronounced change in the decay of the correlation function occurs at ∆t * . To determine which particles are responsible for topological changes, we replot C cage (∆t * ) as a function of the normalized displacement. As shown in Fig. 3 (b), C cage (∆t * ) decreases significantly for particles with larger displacements. This confirms that these are the ones that contribute most to the structural relaxation.
To directly measure the size of the cage, we investigate the temporal correlations of the motion of individual particles [7] . All particles move due to Brownian motion. However, those that remain caged must have no significant net displacement over long times; by contrast those whose cages rearrange do have net displacements. To quantify this, we compare a particle's displacements ∆ r and ∆ r during sequential time intervals of ∆t * .
We focus on x , the component of ∆ r along the direction of the original displacement ∆ r; x is plotted in Fig. 3(c) . The values of x are always less than zero, indicating that the average motion is anticorrelated. For small initial displacements the behavior is linear, x = −c| ∆ r |; larger values of c indicate more highly anticorrelated motion. The cage constrains a particle so that the larger distance a particle moves, the greater it will move back. The linear relationship fails for larger displacements, as seen in Fig. 3(c) ; thus the degree of anticorrelation actually decreases -particles move shorter distances x than expected by linear extrapolation from the small ∆ r behavior. We identify the end of the linear regime as the cage size, r cage . r cage is relatively insensitive to ∆t, showing that the cage size is a time-scale independent quantity [7] . [3] .
The values of all of these estimates are listed in Table 1 and are in good agreement. Thus we are able to obtain a robust measure of the cage size.
We can use our measure of the cage size to determine the number of particles involved in cage rearrangements at any given time. At long times, the diffusive motion reflects particles undergoing many cage rearrangements, each with motion over a distance r cage , in random directions. Thus, we consider the particle motion to be a random walk, alternating between steps (cage rearrangements) and pauses (caging). From the Central Limit Theorem, Table 1 . We find that ∆t * * is significantly larger than ∆t * , the time scale for a particle to move during one cage rearrangement; both grow as φ increases. While the cage size decreases, it remains finite as φ g is approached, implying that the dramatic decrease in D ∞ is due primarily to the increasing cage lifetime. Our random-walk picture also yields an unambiguous estimate of the fraction of particles involved in cage rearrangements at any given time; it is given by the ratio ∆t * /∆t * * . This ratio is ∼8% for all samples except the most dilute (for which it is 16%); it is shown by the vertical dashed line in Fig. 3(a) .
To search for the underlying origins of the cage rearrangements, we investigate local properties which may drive particle mobility We compute the Voronoi polyhedra for the particles, and determine the local volume per particle [3] . Locally, the volume per particle fluctuates greatly from particle to particle; however, on average, the particles with larger displacements have larger Voronoi volumes, as shown in Fig. 3(d) . The variation in local volume fraction is δφ = O(0.03), which can be quite significant, particularly close to φ g , where small variations in φ can cause dramatic changes in behavior. After the particles have moved, their Voronoi volume is generally closer to the average. These results suggest that the particles with smaller φ are farther from φ g and thus are more likely to rearrange.
Ultimately, the sample will crystallize, and it is therefore possible that the evolution to crystalline order drives the structural relaxation. To investigate this possibility, we quantify the local order with an order parameter that identifies local crystalline regions from particle positions [17, 18] . If two adjacent particles have similar orientations of their neighbors about each of them, the two particles are ordered neighbors. The average number of ordered neighbors for each particle is between 2 and 4, with particles with larger displacements having fewer ordered neighbors, as shown in Fig. 3(e) ; furthermore, these particles typically move to positions where their number of ordered neighbors has increased by ∼1. This suggests that there is a slow evolution toward crystalline structure. We emphasize, however, that crystallization occurs on time scales significantly longer than these observations; moreover, crystallization is a nucleation and growth process, with full crystalline order of the sample resulting from the growth of only a small number of nuclei. Thus, any effect of the local crystal order on the cage rearrangement may be driven more by local variations in volume fraction, rather than an evolution to the state with the lowest global energy minimum [18] .
Cage rearrangement is not strictly a localized event; instead, a typical structural relaxation can involve many neighboring particles, which often move in similar directions, as shown by the arrows in Fig. 1 [2 -5] . To quantify the propensity for motion of neighboring particles in the same direction, we calculate the distribution of angles, P (θ), between the displacement vectors of all neighboring particles, measured at ∆t * to define the displacements. The probability of observing two displacement vectors forming an angle in the range (θ, θ + dθ; φ, φ + dφ) is given by P (θ, φ) sin θ dθ dφ; in Fig. 4 (a) we plot P (θ, φ) which, by symmetry, depends only on θ. This function is strongly peaked at θ ≈ 0, indicating that two particles usually move in parallel directions ("strings") [5] , although a significant fraction of particles move in anti-parallel directions (θ ≈ π, "mixing regions"). The distribution P (θ, φ) remains qualitatively unchanged even considering only pairs of particles with large displacements, which are involved in cage rearrangements. When θ ≈ π particles are either moving toward each other or away from each other; examples of each case can be seen in Fig. 1 . We find that these "mixing" pairs of particles (θ > π/2) are approximately twice as likely to result in the two particles no longer being neighbors (compared to the pairs with with θ < π/2). Thus, these rearrangements, while less frequent, are responsible for much of the topological changes.
To investigate the nature of the correlation of the motion between neighboring particles, we calculate the probability distribution function, P (∆R 12 |R 12 ), which measures the change in separation, ∆R 12 , between two nearby particles, initially separated a distance, R 12 , after an elapsed time interval of ∆t * . The width of a typical distribution is much more narrow for initial separations at peaks of the pair correlation function, g(R 12 ), than those that at minima, as shown by the solid and dashed lines in the insert of Fig. 4(b) , which correspond respectively to the first peak and the first minimum in g(R 12 ). This is shown more dramatically in Fig. 4(b) , where we compare the widths of the distribution functions, σ R 12 , directly with g(R 12 ); there is clear correlation between the peaks in the pair correlation function and the dips in the width of the distribution. This correlation is reminiscent of the behavior of the collective diffusion coefficient, which varies as the inverse of the static structure factor, D(q) ∼ 1/S(q) [19] . The relaxation of fluctuations at the peak of the structure factor, which reflects the most favorable structure, is slowed relative to other values of q. A similar behavior occurs in real space; particles whose separation corresponds to a peak in g(R 12 ) are in more favorable relative positions and tend to move together, so that their separation does not change; by contrast, particles whose separation corresponds to a minimum in g(R 12 ) are in less favorable relative positions, and tend to move in antiparallel directions.
The symmetry of the distribution shown by the dashed line in Fig. 4(b) suggests that converging and diverging pairs of particles occur with equal probability. In fact, we examined several individual cases of particles moving in anti-parallel directions and find that typically these involve four particles: the particles start in a diamond pattern around a small void, with two particles moving in (to become nearest neighbors) while the other two move outward to make room (becoming second-nearest neighbors). This suggests a broad interpretation of the cooperativity of cage rearrangements, ranging from "string-like" cooperative motion 
